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Abstract 

The CP violating electric and weak dipole moment form factors of the top quark, 
d\s) and d^{s) , appear in the process e+e~ tt. We present a complete analysis 
of these dipole moment form factors within the Minimal Supersymmetric Standard 
Model with complex parameters. We include gluino, chargino, and neutralino ex- 
change in the loop of the 'jtt and Ztt vertex. We give the analytic expressions and 
present numerical results. 



1 Introduction 



Owing to its large mass [0] the top quark decays before its polarization is diluted by 
hadronization effects. This implies that one can keep track of its polarization by the 
distribution of its decay products. This property of the top quark offers new possibihties 
of testing existing models. New measurable quantities are provided by the polarization 
and the corresponding calculations can be performed perturbatively. The large mass of 
the top quark also allows one to probe physics at a high energy scale, where new physics 
might show up. 

In the last years a number of papers ^, |^ considered CP violating observables in 
top quark production as tests for new physics. In e~^e~ annihilation these effects are due 
to the weak d^{s) and electric d\s) dipole moment form factors of the top. In general, the 
vertices including the CP violating form factors are 

= ^(^.^^^^.75), (1) 

f^ie^ (^z )/. = 2^de^ (it^igv ± 9A15) T i ^^P/.75^ , (2) 

where V^, = Ptf,-Pt^L, 9v = (1/2) - (4/3) sin^ ©ly, = -(1/2), and g = e/ sinGH/ with 
e the electro-magnetic coupling constant and Qw the Weinberg angle. The possibilities of 
the present experimental facility to measure different CP violating observables in processes 
with top quarks have been studied in 0. As all CP violating observables that can be 
measured depend on these dipole moment form factors, precise predictions are necessary. 

In the Standard Model (SM) CP violation can appear only through the phase in the 
CKM-matrix. The dipole moment form factors d\s) and d^{s) for the quarks are at least 
two-loop order effects and hence very small. CP violating effects at one-loop level can 
arise from new interactions, and therefore may be larger. The possibility of observing CP 
violating effects in top physics is associated with new physics. 

In this paper we analyse the supersymmetric (SUSY) contributions to d\s) and d^is) 
of the top quark. In the Minimal Supersymmetric Standard Model (MSSM) additional 
complex couplings can be introduced that lead to CP violation within one generation 
only 0. If the masses of the SUSY particles are not very much higher than the mass 
of the top, one expects SUSY radiative corrections to induce larger values for d\s) and 
d^{s) . 

There is an essential difference between the dipole moments of the electron de (or 
neutron dn) and the dipole moment form factors d'^{s) , d^{s) of the top: de (dn) measures 
the interaction of the stable electron (neutron) with almost free photons; d\s) and d^{s) 
are form factors that measure the interaction of the short-lived top quark with an off-shell 
7 or Z. The off-shellness of 7 and Z leads to strong enhancements in d\s) , d^{s) if the 
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particles in the loop that couple to 7, Z are near the threshold = + mfc, with m^, 
mfc being the masses of these particles. According to the particle content in the loop we 
distinguish the following three contributions: 

1. gluino contribution with {it* g) in the loop, 

2. chargino contribution dl'f with (x'^X^b) and (bb*x^) in the loop, 

3. neutralino contribution d^(^ with (x^x'^i) and {it* x^ ) in the loop. 

The gluino contribution dj'^ was considered in P, In this article we consider the 
chargino and neutralino contributions. Although the gluino contribution dj'^ is propor- 
tional to tts we show that the chargino contribution dl'f , which is proportional to a^, 
{(^w = g"^/ (47r)) can be equally important. This is due to threshold enhancements and the 
large Yukawa couplings: Yt = rrit/ {\/2mw sin P) and = mf,/{y/2mwcosP). In general 
the neutralino contribution turns out to be smaller. However, there are cases where it is 
important. The mass spectra of the SUSY particles are crucial for the understanding of 
the electroweak dipole moment form factors. 

In order to obtain a non-zero dipole moment one needs both an operator changing the 
helicity of the top and a mixture of the interaction eigenstates of the squarks, charginos, 
and neutralinos, which provide a CP violating phase. In the MSSM the CP violating phases 
for the chargino and neutralino contribution are provided by the chargino and neutralino 
mass matrices and the scalar quark mass mixing matrices. The calculation requires the 
diagonalization of all these matrices. The chargino mass matrix with complex phases 
has been diagonalized analytically in [||. In the present paper we use the singular value 
decomposition to diagonalize the complex neutralino and chargino mass matrices. 

The size of the dipole moment form factors d'^{s) , d^{s) depends strongly on the phases 
of the SUSY parameters. There are constraints |TD|, rT| on some phases from the mea- 
surement of the EDM of the neutron. Usually, one concludes P, |12| that either the phases 
involved in the EDM of the neutron are very small or the masses of the first generation 
of squarks are in the TeV range. By using supergravity (SUGRA) with grand unification 
(GUT) there are attempts to constrain also the phases entering the dipole moments of 



the top fly, |Tl|. In our analysis we want to be more general and we do not make any 



additional assumptions about GUT except for the unification of the gauge couplings. In 
particular, we do not assume unification of the scalar mass parameters and the trilinear 
scalar coupling parameters Aq of the different generations. As the breaking mechanism 
of SUSY is not known, a definite theoretical ansatz about the size of the complex phases 
involved in the weak and electric dipole moment form factors of the top quark cannot 
be given. An unambigous decision will be provided by experiment. Therefore, measuring 
the weak and electric dipole moment form factors of the top quark might be also a test 
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of the unification assumption involved and could give insight into the SUSY breaking 
mechanism. 

In this paper we present a complete analysis of the weak and electric dipole moment 
form factors of the top quark within the MSSM with complex parameters. We give the 
analytic expressions and present numerical results. 

The paper is organized as follows. In section 2 we summarize the parts of the La- 
grangian that are relevant, and fix the notation. Generic formulae for contributions to the 
dipole moment form factors are given in section 3. In section 4 we present the chargino 
contribution, in section 5 follows the neutralino contribution. The numerical analysis is 
performed in section 6. The conclusions are given in section 7. 

2 The SUSY Lagrangian with complex couphngs 

In the MSSM with complex phases, d'^{s) and d^{s) are generated in one-loop order, 
irrespectively of generation mixing. The gluino contribution to the electroweak dipole 
moment form factors was previously studied in 0]. Here we discuss the chargino and 
neutralino contributions. These contributions have to be treated separately from the gluino 
contribution not only because different couplings are involved (electroweak and strong), 
but also because they are sensitive to different SUSY parameters. The contributions from 
the different Feynman diagrams (Fig. la,b) depend in a distinctive way on the SUSY 
parameters. For the sake of clarity we discuss the chargino and neutralino contributions 
separately. 

The parts of the Lagragian that contribute to the electric and weak dipole moment 
form factors of the top are: 





In eq. ([T0|) A* are the Gell-Mann matricies, u, v are the color indicies, and ipg is the phase 



of the gluino mass term. The couplings are defined as in [Q: 
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0% = -i [cos 2/5 im^Nsk - Nl^N^k) + sin 2/5 {Nl^N^k + iV^-iVg,)] = O 
cL = 2Q,-sin2 e^(5„„ - 24(7^«')^i(7^^');^ 



II* 

kj 



Knj — '^InL ^Lj + ^KriR IrJ 



hLj 
fRj 



Yt{sm(3N3, - cos/5iV4,) Hrj = Yt{smf]N;^ - cos/3iV;^.) = hl^ 
-[lsm2ewN*^ + {gv-gA)N;^]/{V2cosQw) 



sm2 OwNij + {gv + g a) N2j] / {V2 cos Qw) 



mj 



TV 











Kr ) 





e 2 '^9 cos 6q e 2 "^9 sin 6q 



(12) 
(13) 
(14) 

(15) 

(16) 
(17) 



so that = ■ Qq is the charge of q and tan /5 = ^, where Vi and f2 are the vacuum 

expectations values of the Higgs fields, Pl,r are the chirality projection operators. 
The unitary matrices U and V diagonalize the chargino mass matrix: 



M mvyv^sin/? 
mw\/2 cos 13 n 



TT* A/fX Y* 



(18) 



For the diagonalization of the chargino mass matrix one has to use the singular value 
decomposition 0. The explicit procedure to obtain U and V is given in Appendix A. 

Nak is the unitary matrix which makes the complex symmetric neutralino mass matrix 
diagonal with positive diagonal elements 



In the basis 




cos (3 - Hi sin (3 
sin (3 + Hi cos (3 



'ipa = {-"^7, -iZ, Hi,H2} with 
used in 0, the complex symmetric neutralino mass matrix has the form 



(19) 



(20) 







rriaz 





\ 




rriaz 


friz 


mz 










mz 


/i sin 2/5 


—yU COS 2/5 


V 








—yU cos 2/5 


—fi sin 2/5 / 



(21) 



4 



where 



^ M sin^ Qw + M' cos^ Qw , 
rui = Mcos^evF + M'sin^evK , (22) 

maz = sin Qw cos 0^y(Af — M') . 

Here M and M' are the SU(2) and U(l) gaugino masses, n = |/x|e*''''' is the mass parameter 
in front of the Higgs superfields in the Lagrangian. The procedure for obtaining Nak is 
described in Appendix B. Again the singular value decomposition has to be used. 



3 General formula 

Technically there are two types of one-loop SUSY diagrams that contribute to the electric 
and weak dipole moments of the top quark, one with two scalars and one fermion in the 
loop as shown in Fig. la, and the other with two fermions and one scalar in the loop. 
Fig. lb. Here we give generic formulae for the dipole moment form factors of the top 
induced by these graphs. The different combinations of Passarino-Veltman functions give 
different types of threshold enhancements. 
We use a generic Lagrangian of the form 

+ 9 f {amkPR + bmkPL) fk Sm + h.C. (23) 

where fi stands for a fermion field, Sm for a scalar field, and for a neutral vector boson 
field. The couplings Tmn and Oj^^ are hermitian. The couplings ttmk and b^k are complex 
numbers. Fig. la then gives the following contribution: 

dffs = a./(87r) X (/1 + /2) (24) 

m,j,k 
m,j,k 

X [amjOf^al^k - bmjO^kbmk] 
with g"^ = iiraw Fig lb leads to 

dssf = Q;^/(87r) X (si + S2) (25) 

o \ ^ ™ //^k,mn I ^k,mn , ^k,mn\ rx, r„ "n I,* 1 
Si = -2 2^ mfc(Co' +Ci' +62' ) Qm[amk^mnbnk\ 

k,m,n 

E( /^k,ran , /^k,ran /^k,mn ^k,mn\ 
[Lyi -\- Oil ~ ^^2 ~ <-^22 ) 

k,m,n 

X SJm [drnk^mnO'nk ~ brnk^mnb^k] 
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For the Passarino-Veltman three point functions |T3| Cq, Ci, and Cu {i = 1,2) we follow 
the convention of |T^. They are defined in Appendix C. Note that there are only three 
types of contributions: /2 and S2 have the same functional form. 



4 Chargino contribution to (P{s) and d^{s) 

Here we show the explicit dependence of the chargino contribution on the gaugino and 
higgsino couplings, as well as the dependence on the squark mixing angle and phase. For 
the electric dipole moment form factor we have: 

Cg+ ^ aemYt y ^ /^rn,n _ + ^'^^rn ^ (ji^mm^^ ^ (26) 

mt 47rsm^eH^ " 

;i - (-)'"cos2%) 9m[f/,iy,2] + n(-)'"sin2^^ 9m [[7,2^,2 e^^^] 

The chargino contribution d?+ to the weak dipole moment form factor of the top quark 
is: 



rrit Svrsin Qw 



(/i + /2 + si + S2) (27) 



/i = -Yt jz m^+CT'^^x[{5,k{l + 2cos2Qw) + \Uki?-\Vk2?)- (28) 

m j,fc=l 

((1 - (-)'" COS 2^5) 9m [UjiV,2] + n(-)'" sin 26^ 9m [U ,2Vj2e''''^]) 
-n(l - 5,fc)(-)'"sin2% 9m[t/,2V;-2e^^^]^ 

/2 = -mtY,^in29-,-su.[Ul,U,,e^^-^]Y^{-r{^^^^ (29) 

m=l 

2 

Si = -Yt 2^ ^xt^^o +Ci' +C2' ) (30) 

fc,m,n=l 

x(|sin2 OwSmn + |(1 " (-)"cos2%)) 
((1 - (-)'"cos2^^^) 9m [f/,il42] +>;,(-)'" sin 2^^ 9m [f/,2l42e^^^] 



S2 = -minsin2^^5:(Cf^ + C'iY2-C'2'''2-C2Y')x 9m[f/,\f/,2e^^^] (31) 



^ifc,12 , ^k,12 ^k,12 ^k,12\ 
k=l 

We have included the terms proportional to the bottom Yukawa coupling which are 
important for large tan f3. For small values of tan f3 the terms proportional to Yt dominate. 
The exchange of the lighter scalar bottom (see Fig. la) gives the leading contribution 
(cos 2^^ ^ 1). Note that there are no terms proportional to Y^^ or Y^. 
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5 Neutralino contribution to d\s) and d^{s) 

As neutralinos do not couple to the photon, dZo receives a non-zero contribution only 
from the diagram with tt* x° exchanged in the loop. We have: 



2^2^"^y+('^0 +Ci +C2' ) (32) 



mt 12tt sin^ Qw t^i^i ^'^ 

X ' 



;-)™sin2e,-9m[(/iL-/Wm)e-^^1 
-(1 - (-)'" cos 29i) [hLkflk] - (1 + {-r cos 26^) 9m [/li^M] 

The neutralino contribution to d^{s) is 



mt Svrsin G^y 



(2/1 + 2/2 + si + S2) (33) 



/i = ^ E E "^x«^r"' X [(-)'" sin 2^, 9m [0;',(^,/^, - /^./^.Oe^^^l (34) 

j,k=l m=l 

_(1 + (-)-cos2e,-) Qm[0%{hl^r^, - hlJ*^^)] 
_(1 _ (-)™cos2^,-) -sm[0';,{hL,fl, - hLkft,)] 
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/2 = E E (^r' + - - ') (35) 

j<k m=l 

x[2{~rcos2eiQm[hL,0';,hl,] 
-2{-rsm29i 9m [(/;^. - fnj)0';,hl,e^^^] 

+ {l-{-r^cos2ei)Qm[fip';jLk] 
+ (l + (_)-cos2^,-)9m[/^,Oy*,] 



1 \ ^ \ ^ /y^k,m,n I /^k,m,n . ^k,mn\ 

2E E ^xt^'^o +^1 +^2 ) (36) 

A:=l m,7i=l 

X [ (-)'"(| sin^ e^6mn - (1 - (-)" COS 20,-)) 9m [{hi, - hkfRk)e-''''] 

-{ism^OwSmnil + i-rCOs29i) - (-)™+"sin2 20,-) Qm[hLkfRk] 
-{isin'OwSn^n - (1 - (-)"COS20,-))(1 - (-)™ COS 20,-) Qm[hLkfLk\ 

S2 = mtsin20,-^(C'^^2-fC'lY'-C'2''''-C'2V')^m[/^2,(/2,-/«,)e^^*-] (37) 

k=l 

fij, fnk are gaugino couplings and hij are higgsino couplings that contain the large 
Yukawa coupling Yf. Notice that the factor of 2 in front of /i and /2 in eg. (P^D is due to 
the Majorana nature of the neutralinos. 
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6 Numerical results 



In this section we give numerical results for the real and imaginary parts of d\s) and 
d^{s) . Quite generally they depend on the parameters M', M, tan/3, m^^, m^^, cos%, 
cos 6'^ and the phases ip^, ip^, ipi, and ipg. The GUT relations 

m-g = {as/a2)M ^3M (38) 
M' = ftan^Bvi/M (39) 

imply that the gaugino mass parameters have the same phase. This phase can be removed 
by a R-transformation [|^. 

We take mw = 80 GeV, rrit = 175 GeV, = 5 GeV, = 500 GeV, a, = 0.1, and 
= lis - order not to vary too many parameters we choose a reference set of param- 
eter values given in the following table: 



M = 


230, 360 GeV 




150 GeV 




270 GeV 


\f^\ = 


250 GeV 


= 


400 GeV 


= 


280 GeV 


tan/? = 


2 


e-t = 


77 

9 


d'b = 


TT 

36 




3 


ft = 


TV 

6 


n = 


TT 

3 



For tan (3 = 2 the terms proportional to are strongly suppressed, and as one can easily 
verify from the explicit expressions p7|)-(|3TD for , the result will be independent on 
the phase ipi- Thus d'^is) and d^{s) will depend on two phases: ip^ and (p^. 

Notice that the dipole moment form factors d\s) and d^{s) depend on (p^ not only 
through the mixing matrices U, V, and in the couplings, but also through the chargino 
and neutralino mass spectra. In Fig. 2a and b we show the dependence of the chargino 
and neutralino masses on the phase for M = 230 GeV and the other parameters as in 
the reference set. As can be seen the values of the masses vary by about 40 percent in the 
whole cosip^ region. 

Next we study the dependence of d\s) and d^{s) on the parameters M and which 
control the chargino and neutralino masses and couplings. In Fig. 3a we show the 
dependence of the chargino contributions to Qmd'^is) and '^md^{s) keeping the other 
parameters fixed at the reference values. 

3=111 (i'>'(s) and '^md^{s) are determined by the absorptive parts of the amplitudes. 
Therefore they vanish when no real production of charginos is possible, i.e. ^/s < 2m-+ 
as can be seen from the dotted curve of Fig. 3a. Local maxima occur near the thresholds 
of chargino pair production and they get bigger if the gaugino and higgsino component 
of the chargino are approximately equal. The x^xr^contribution has always the opposite 
sign of the ^2^X2 ^contribution because of the coupling Qm{UiiVi2) (see eq.(|27|)). 
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In Fig. 4a we show the neutrahno contribution to 3'm(i'^(s) and 3=111^^(5) . SmrfL is one 
order of magnitude smaller than the chargino contribution because the photon does not 
couple to the neutralinos and only Fig. lb contributes. The neutralino contribution dfo 
is smaller than the chargino contribution because the couplings are smaller. It shows the 
same qualitative behaviour as the chargino contributions, but it is more complicated 
because of the richer particle spectrum. Note that the two neutralinos in Fig. la have to 
be different. 

In Fig. 3b we show the chargino contribution to '^e(P{s) and 5Re(i^(s) as a function 
of for M = 230, 360 GeV and the other parameters as given in the reference set. The 
behaviour of Ke£+ and ?R.ed?+ can be understood by the dispersion relations by which 
?R.ed\s) and '3ied^(s) are related to the absorptive parts of d'^{s) and d^{s) . In Fig. 4b we 
show the neutralino contribution ?R.ed?o- As one can see it has an analogous behaviour as 
the chargino contribution (Fig. 3b), but it is smaller. 

In Fig. 5a we show the dependence of the chargino contribution '^md1+ and 9m(if+ 

X X 

on the phase ipn. Note that for M = 360 GeV 9m 6?^+ and 9m(if+ vanish in the intervall 

' XX 

0.827r < \(f^\ < I.IStt. This reflects the dependence of the chargino masses on the phase 
(Pfj_ (Fig. 2a): m-+ decreases with cosy^^, and for 0.827r < |<y9^| < l.lSvr we are below the 
threshold: ^/s < '2fn-+. The maxima of 'ismd'^(s) , 9mc/^(s) for the parameters used appear 
at ipfj_ = 0.657r, and = 0.407r, and not at = O.Stt as one would naively expect. 

In Fig. 5c one can clearly see the difference between the two types of diagrams Fig. la 
and Fig. lb: as the photon couples only to the stops, Qmdlo has a smooth dependence on 
iff^, whereas 9m(i?o depends on through the masses of the neutralinos. The thresholds 
of neutralino production are clearly visible at <y9^ = O.Gtt and <^/i = O.TTtt. Fig. 5d and 
Fig. 5c are connected via the dispersion relations for d\s) and d^(s) . 

The chargino contribution exhibits only a very small dependence on 61 and (fi for the 
parameter region chosen. For 9m(i'^(s) it turns out that one can neglect the neutralino 
contributions, so the dependence on the mixing angle 6^ and the phase ip^ is irrelevant. 
However for Qmd^is) the neutralino contributions are quite big. The main contributions 
come from the second and the third part of eq.(p5D which are proportional to cos26'f. As 
(fl does not appear in these contributions, the dependence of d?o on ip^ is small. 

There is a smooth dependence on mf 3=111^^+ and '^md?+ increase from —0.0014 at 
m^^ = 100 GeV to —0.0004 at m^^ = 400 GeV. The dependence of dj on m^- is already 
shown in [Q. d?o exhibits a smooth dependence on m^^: Qmd?o decreases from 0.0007 at 
rui^ = 100 GeV to 0.0003 at m^-^ = 250 GeV. 

In Fig. 6a we show d'^{s) and d^{s) as functions of ^/s where all contributions (gluino, 
chargino, and neutralino) are summed up. The threshold effects can be seen very clearly. 
There is a big enhancement in d\s) and d^{s) because the threshold for XiXi production 
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is reached at a/s = 420 GeV for m-+ = 210 GeV. At ^/s = 590 GeV xtx2 production 
becomes possible and again there is a big contribution but with a different sign. The 
additional thresholds in d^{s) are due to the neutralino contributions. Fig. 6b can again 
be understood via dispersion relations: each spike corresponds to the opening of a new 
production channel. 

7 Summary and Conclusions 

We have calculated all contributions to the electric and weak dipole moment form factors 
of the top quark, d\s) and d^is) , within the MSSM with complex SUSY parameters fi, 
At, Af,, and rrig. These form factors can be measured by the reaction e+e" ti with 
t bW. They are different from zero only if CP is violated. After the diagonalization 
of the complex chargino, neutralino, stop, and sbottom mass matrices, the CP violating 
phases of the couplings are related to the phases of fi, At, Ab, and rrig. 

We find that the chargino contribution is even larger than the gluino contribution 
for rrig > 500 GeV due to the Yukawa couplings. The neutralino exchange plays a less 
important role, but must not be neglected. The dependence of d\s) and d^(s) on the SUSY 
parameters and on the energy is very characteristic. There are enhancements whenever 
the particles in the loop that couple to 7, Z reach a threshold. Therefore by measuring 
the dipole moment form factors by suitable asymmetries one can get information about 
the SUSY parameters. 

It is important to point out that we have performed our analysis within the general 
framework of the MSSM with complex parameters. In particular, we have not used uni- 
versal SUSY parameters at the GUT scale. The numerical values of the form factors can 
reach about 10"^, which in general results in a measurable asymmetry of this size. 
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Appendix A 



Here we show how to obtain the unitary matrices Uak and Vak from the complex chargino 
mass matrix Majj eq.(0). For arbitrary Majj we have 

MapU*jV^i, = Sjkmk and = Uo^kVpurrik (40) 

with unitary 

U*jUak = Sjk UakUlk = Sal3 VajV*^ = 5jk Vak^pk = Sa/S and Ulk > ■ (41) 

Obtaining Vak from 

{MapU*.V^,yMa'p'K,^V*i = M^pMa'.Sa'aVpkV; = {S.km.yS.imi = Skiml (42) 
one sees 

hirrik = UlkMapV^i = (l/mfc)^^^^ = {l/mk)M*^^V^kMafiV^i (43) 

that 

U:k = i^/^k)M:^V^k or Uak = Ma^V;jmk. (44) 



Appendix B 

Here we show how to obtain the unitary matrix Nak from the complex symmetric neu- 
tralino mass matrix Mq,^ eq.(|2T|) like in |]1^ . 



For arbitrary Map we have eq.(^OD and (^) to obtain Uaj and f/j^. Because Mq,^ = Ma„ 
is symmetric UakV^k^k = uphVak^k or 

UakVpkrrik ■ v*ajV*pi = VajUlimi UpkVakrrik ■ VajVpi = upjvlirrij 

so f = V*^iUaj = for ITlj ^ mi (45) 

so 

s% := v^jUak = e'^"^'' 6 jk with < ak < n since sf^sli = 6ji , 

= VpjV^jUak = UfSk ■ (46) 

With the definitions s]^ := e^°'''5jk and Vak = Najs^f^ = Nak^-^"'' follows 

Uak = Va,s% = iV^^.e— ^e^-^^,, = iV:,e-'= (47) 
Ma(3 = UakVpknik = iV*,e^°'=iV;,e-*"'=mfc = K,N;,mk . (48) 
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Appendix C 



Here we give the definitions of tlie Passarino-Veltman tliree point functions with the 
convention of |T^ : 



= q^ - ml and = [q + Pjf - m] (49) 
are the general denominators for 

1 /■ 1 

Cq{p\, (pi - P2?, pI, ml, ml, mj) ■= J ^^^ jyoj)ij)2 (^0) 

CM^{P1-P2y,pl,ml,ml,ml) ■= ^ j ^^^^^^T^ (51) 
= PitJiCi{pl,{pi-p2f,pl,ml,m\,ml) 
+P2t^C2{pl, {pi - P2f ,pl,ml,m\,ml) 

C/^M, {Pi - P2f, pI, ml, ml, ml) ■= J ^^^^^^ (52) 
= 9,iuCoo{pl,{pi - P2f ,pl,ml,m\,ml) 
+Pii,PivCii{pl, {pi - p2f ,pl,ml,ml,ml) 
+ {,Pit,P2v+ P2f^Piu) Ci2ipl,ipi-P2f,pl,ml,ml,ml) 
+P2i,P2uC22{,pI, (pi - P2f ,pl,ml,ml,ml) . 

We further use the definition 

C^^'^ = C^{ml,s,ml,m]^,m\o,m\,J x G {0, 1, 2, 11, 22} (53) 
and it follows 

Cmj'fc ^m,kj y^mjk y^m,kj y^m,jk y^m,kj /KA\ 



Figure Captions 

Figure 1: Feynman diagrams contributing to d"'{s) and d^{s) : 

(a) with two fermions and one scalar in the loop 

(b) with two scalars and one fermion in the loop. 

Figure 2: Dependence of the masses (in GeV) on cos(/)^ for M = 230 GeV. 

(a) charginos: m-+ (full line), m-+ (dashed line). 

(b) neutralinos: m^o (full line), m^o (dashed line), 
m^o (dotted line), m^o (dashed-dotted line). 
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Figure 3: Dependence of the chargino contribution to d\s) and d^{s) on (GeV) for 
tlie reference parameter set. 

(a) '^mdl+ for M = 230 GeV (full line), M = 360 GeV (dotted line), 

Qmd?+ for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

(b) ^edl+ for M = 230 GeV (full line), M = 360 GeV (dotted line), 

?fted?+ for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

Figure 4: Dependence of the neutralino contribution to d\s) and d^is) on (GeV) 
for the reference parameter set. 

(a) Qmdlo for M = 230 GeV (full hue), M = 360 GeV (dotted hne), 

Qmd?o for M = 230 GeV (dashed hne), M = 360 GeV (dashed^otted line). 

(b) ^edlo for M = 230 GeV (fuU hne), M = 360 GeV (dotted line), 

^ed?o for M = 230 GeV (dashed line), M = 360 GeV (dashed^otted line). 

Figure 5: Dependence of the chargino/neutralino contributions to d\s) and d^{s) on 
(ffj, for the reference parameter set. 

(a) Qmdl+ for M = 230 GeV (full hne), M = 360 GeV (dotted line), 

Qmd?+ for M = 230 GeV (dashed hne), M = 360 GeV (dashed^otted line). 

(b) 5Reci^+ for M = 230 GeV (fuU line), M = 360 GeV (dotted line), 

^ed?+ for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

(c) S>m(i|o for M = 230 GeV (fuU line), M = 360 GeV (dotted hne), 

^md?o for M = 230 GeV (dashed hne), M = 360 GeV (dashed-dotted line). 

(d) 3?ec^Jo for M = 230 GeV (fuh line), M = 360 GeV (dotted line), 

Kedfo for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

Figure 6: d"'{s) and d^{s) for the reference parameter set with M = 230 GeV. 

(a) Qmd\s) (fuh line), ^md\s) (dashed line) 

(b) ^ed\s) (fuh line), ^ed^is) (dashed line). 
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Figure Captions for tan (3 = 3 

Figure 2: Dependence of the masses (in GeV) on cos ip^ for M — 230 GeV. 

(a) cliarginos: (full line), (dashed line). 

(b) neutralinos: m^o (full line), m^o (dashed line), 
m^o (dotted line), m^o (dashed-dotted line). 

Figure 3: Dependence of the chargino contribution to d\s) and d^{s) on (GeV) for 
the reference parameter set. 

(a) Qmdl+ for M = 230 GeV (full hue), M = 360 GeV (dotted line), 

Qmd?+ for M = 230 GeV (dashed hne), M = 360 GeV (dashed-dotted line). 

(b) ^edl+ for M = 230 GeV (full line), M = 360 GeV (dotted line), 

^ed?+ for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

Figure 4: Dependence of the neutralino contribution to d\s) and d^{s) on \fj,\ (GeV) 
for the reference parameter set. 

(a) Qmcijo for M = 230 GeV (full line), M = 360 GeV (dotted hne), 

9mrf|o for M = 230 GeV (dashed hne), M = 360 GeV (dashed-dotted line). 

(b) ^edlo for M = 230 GeV (fuU hne), M = 360 GeV (dotted line), 

?fted?o for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

Figure 5: Dependence of the chargino/neutralino contributions to d\s) and d^(s) on 
for the reference parameter set. 

(a) 9mciJ+ for M = 230 GeV (full hne), M = 360 GeV (dotted line), 

Qmd?+ for M = 230 GeV (dashed hne), M = 360 GeV (dashed-dotted line). 

(b) ^edl+ for M = 230 GeV (fuU line), M = 360 GeV (dotted line), 

^ed?+ for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

(c) Qmdlo for M = 230 GeV (full line), M = 360 GeV (dotted hne), 

Qmd?o for M = 230 GeV (dashed hne), M = 360 GeV (dashed-dotted line). 

(d) 3fie(iJo for M = 230 GeV (fuU hne), M = 360 GeV (dotted line), 

sRedfo for M = 230 GeV (dashed line), M = 360 GeV (dashed-dotted line). 

Figure 6: d\s) and d^{s) for the reference parameter set with M — 230 GeV. 

(a) Qmd'^is) (fuU hne), Qmd^(s) (dashed line) 

(b) ^ed\s) (fuUline), ^ed^{s) (dashed line). 
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